Abstract: Attempts have been made to find the best procedure for the detection of premature battery capacity loss (the so called "PCL") in AGM-VRLA 48 V batteries operating in telecommunication systems. However, recorded changes in internal resistance and potential did not give clear indications of the beginning of the PCL effect. The obtained correlation between internal resistance and potential derived from used batteries does not show the expected trend in measured parameters. It seems that the application of Electrochemical Impedance Spectroscopy (EIS), which is a faster and non-destructive method, may solve this problem. It is demonstrated that the change in internal resistance (which is an indicator of the state of health (SoH)) can be determined from EIS spectra during continuous operation of 12 V monoblocks in a backup power source of a base transceiver station (BTS).
Introduction
Stationary lead-acid batteries are still the most important chemical backup power source used in many technical applications. Therefore, problems with the appropriate level of system safety become more and more important. Detection of increases in the internal resistance may indicate a loss of the real battery capacity [1, 2] , but this test is not sufficiently reliable. Our investigation carried out on brand new and faulty batteries showed that a battery which is not operating properly may not show changes in its internal resistance [3, 4] . It is known that a credible assessment of the battery state consists of its discharge, but this requires that the system be turned off for several hours (like during electrical tests such as discharge by currents lasting for 10 or 20 h).
It seems that via electrochemical impedance spectroscopy (EIS), it is more likely that faulty batteries will be detected. The combination of the two above-mentioned techniques should allow for the prediction and/or the identification of battery parts with significant capacity losses, without discharging the battery; the method also shows high reliability [3] [4] [5] [6] [7] [8] .
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www.mdpi.com/journal/batteries Battery capacity decrease is caused, among other factors, by: water/electrolyte loss from absorptive glass mat (AGM) separator, grid corrosion, mass sulfation, and drop of mass [9, 10] . One of the most frequent and less known factors influencing the decrease in lead-acid battery capacity is the Premature Capacity Loss (PCL) effect. PCL affects each type of lead-acid battery. This phenomenon is more frequently studied in a relation to stationary batteries because of their assumed long-term operating time (sometimes over 10 years). The PCL effect is relatively common in the VRLA batteries of AGM type [9] [10] [11] [12] [13] [14] [15] [16] [17] . Currently, the problem has been reduced, but as a consequence, very often that the batteries have to be exchanged more frequently, especially in key role systems. Three main models of the process leading to the aforementioned phenomenon have been suggested:
• formation of a low-conducting layer at the grid/active mass interface (PCL of type 1). This is probably the most frequent case of the PCL effect caused by the formation of a passivation layer next to a typical corrosive layer at the grid/active mass interface. This tight coating contains PbSO 4 , and/or PbO 1±n compounds, • PCL of the second type is related to an increase in resistance of the pasted active mass (PAM), which can be observed in case of weak adhesion between a grid and the PAM. The corrosive layer consists mainly of β-PbO 2 , and the concentration of sulphuric acid is far higher in this area. Thus, the original spatial structure of the plate is distorted, which causes electrochemical insulation of a part of the active mass. However, a decrease in active mass has not yet been observed.
• irreversible transformation of a superficial part of the active mass (usually negative) into big lead sulphate crystals during cycling (PCL of the third type). Big crystals of PbSO 4 are formed gradually, and it is hard to reduce them into metallic Pb during charging [12] [13] [14] [15] [16] [17] .
In order to detect undergoing processes, the EIS technique seems to be very well suited. Huet [18] analysed the relationship between various EIS parameters. He concluded that EIS can be an important diagnostic tool. Application of a multi-channel EISmeter for precise measurements on batteries was reported by Blanke et al. [19] , who reviewed different approaches to determine SoC, SoH, and cranking capability of lead-acid batteries with the aid of EIS.
Indeed, electrochemical impedance spectroscopy (EIS) is an excellent tool to analyze the interfacial processes, variation in the internal resistance, state-of-charge, and the residual capacity of a lead-acid battery. This method is fast, accurate, nondestructive in nature, and is ideal for the modeling and diagnosis of industrial batteries. It was experimentally confirmed that this technique can be applied to modeling battery behavior, as well as to the determination of the state-of-charge (SoC) and the state-of-health (SoH) [20] . Diard et al. [21] conducted a general EIS study on electrochemical battery discharge at a constant load and constant current; attention was concentrated on the impedance test for a lead-acid battery with high capacity and low impedance at load. The SoH is connected mostly with the ohmic resistance, the charge transfer resistance R ct , and the parameters of the constant phase element accounting for the diffusion in the pores when the plate is well charged. In turn, battery modeling is an important issue for the design of different battery applications. Thus, it is necessary to develop a reliable and easy-to-parameterize battery model. However, for lead-acid batteries, impedance spectra depend very much on the short-term charge-discharge history. Karden et al. [20, 22] discussed further methodological questions connected with the measurement and interpretation of the impedance spectra of batteries, especially nonlinearity, voltage drift, stability, reproducibility, half-cell measurements, model structure, and parameter extraction from the impedance data.
An alternative approach was suggested by Wei et al. [23, 24] who assessed the battery state by adopting a first-order RC model and proposing a dully-decoupled procedure which led to joint SoC and capacity loss (SoH) estimation. This approach was later implemented in an online-monitoring method to detect capacity loss in vanadium redox flow batteries in real time. It was checked experimentally on the laboratory scale battery system and the SoC and the capacity loss was found to be accurately derived in real time.
The aim of this study is to find correlations between voltage changes, internal resistance, characteristics of electrochemical impedance spectra, and actual capacity of the stationary lead-acid battery. The correlation between these factors would help to determine, as quickly as possible, the initial battery capacity loss, which can be regarded as the beginning of the premature capacity loss (PCL) effect, while the system would still have the capacity to be used safely.
In the present work, we describe the preliminary results of these investigations. The study was undertaken because of the low effectiveness and reliability of existing diagnostic systems used in emergency power supply modules.
Results and Discussion
During tests, an observed decrease in capacity of a 48 V battery that had operated in an emergency power supply systems was nearly 30 Ah. The capacity after the first, second, and third cycle was 103 Ah, 82 Ah and 76 Ah, respectively. For the new 48 V battery, the capacity did not change and had a constant value of circa 110 Ah (Table 1) . battery. The correlation between these factors would help to determine, as quickly as possible, the initial battery capacity loss, which can be regarded as the beginning of the premature capacity loss (PCL) effect, while the system would still have the capacity to be used safely.
During tests, an observed decrease in capacity of a 48 V battery that had operated in an emergency power supply systems was nearly 30 Ah. The capacity after the first, second, and third cycle was 103 Ah, 82 Ah and 76 Ah, respectively. For the new 48 V battery, the capacity did not change and had a constant value of circa 110 Ah (Table 1) . It can be noted that the internal resistance of a 48 V system is slightly higher for the used battery than for the new one, and it has a higher amplitude after full charging. However, the values and character of changes of this parameter do not have a correlation with electrical capacity. Recorded data: E = f(t) and Rint = f(t) indicated that the internal resistance changes were small for systems previously used in emergency power supply systems, as well as for the new ones. An average value of the internal resistance (measurements data from 5 days to the end of the test, for completely charged batteries-only float current in a circuit) is presented in Table 2 . It can be noted that the internal resistance of a 48 V system is slightly higher for the used battery than for the new one, and it has a higher amplitude after full charging. However, the values and character of changes of this parameter do not have a correlation with electrical capacity. Recorded data: E = f(t) and R int = f(t) indicated that the internal resistance changes were small for systems previously used in emergency power supply systems, as well as for the new ones. An average value of the internal resistance (measurements data from 5 days to the end of the test, for completely charged batteries-only float current in a circuit) is presented in Table 2 . It is noticeable that after 33 days of float charge tests (the first stage of the test), bigger changes in potential in case of the new 12 V monoblocks were observed. On one hand, the possible reason for this may be an additional formation process of monoblocks included in 48 V referential battery. On the other hand, during the third stage, a bigger difference between values of the potential is visible for the 12 V used units after they stopped working. The measurements of changes in resistance of these two groups of batteries showed that for all three cycles, i.e., 33, 66 and 99 days, the 12 V monoblocks after service had higher resistance parameters (in average about 3.0 mΩ) than the new ones (in average about 2.6 mΩ), and differences between their values during measurements were insignificant.
The subsequent figures (Figure 3a -f) show scatter diagrams of the potential and the internal resistance of each 12 V unit in 48 V batteries drawn at different time of flow current tests.
It can be noticed that 12 V units after service had a large potential and internal resistant span on each stage of the presented electric tests. Higher potential and low internal resistance of the units after service suggest "problems" with obtaining a completely discharged state. It is noticeable that after 33 days of float charge tests (the first stage of the test), bigger changes in potential in case of the new 12 V monoblocks were observed. On one hand, the possible reason for this may be an additional formation process of monoblocks included in 48 V referential battery. On the other hand, during the third stage, a bigger difference between values of the potential is visible for the 12 V used units after they stopped working. The measurements of changes in resistance of these two groups of batteries showed that for all three cycles, i.e., 33, 66 and 99 days, the 12 V monoblocks after service had higher resistance parameters (in average about 3.0 mΩ) than the new ones (in average about 2.6 mΩ), and differences between their values during measurements were insignificant.
It can be noticed that 12 V units after service had a large potential and internal resistant span on each stage of the presented electric tests. Higher potential and low internal resistance of the units after service suggest "problems" with obtaining a completely discharged state. Correlation between internal resistance and potential (on the last day of flow current tests -in 33 th , 66 th and 99 th day) of two selected 12V units after service (with the highest differences of internal resistance) and new ones (as referential group) presented in Figure 4 and 5 shows average values of the potential of the units and internal resistance on the last day of current flow experiment , and 2h after the end of this test (48 V batteries were in open circuit state).
Differences in the function Rint = f (E) can be observed for the 12 V units after operation in emergency power supply systems in comparison with new 12 V units. It can be noticed that the new 12 V units (excluding the first stage of current flow test which is probably the continuation of physicochemical changes in the active mass occurred after formation process) presented almost identical correlation Rint = f (E) in the 66th and 99th days. The change of this parameter for 12 V units after service is not unambiguous, but slight trends in increasing potentials and decreasing internal resistant can be observed. In Figure 5 , slight differences in the function Rint = f (E) can be observed for both groups, i.e., in the current flow state and open circuit state (2 h after cutting off the current flow). Lower span of the potential and the internal resistance for new 12 V units can be noticed. Correlation between internal resistance and potential (on the last day of flow current tests-in 33th, 66th and 99th day) of two selected 12 V units after service (with the highest differences of internal resistance) and new ones (as referential group) presented in Figures 4 and 5 shows average values of the potential of the units and internal resistance on the last day of current flow experiment, and 2 h after the end of this test (48 V batteries were in open circuit state).
Differences in the function R int = f (E) can be observed for the 12 V units after operation in emergency power supply systems in comparison with new 12 V units. It can be noticed that the new 12 V units (excluding the first stage of current flow test which is probably the continuation of physicochemical changes in the active mass occurred after formation process) presented almost identical correlation R int = f (E) in the 66th and 99th days. The change of this parameter for 12 V units after service is not unambiguous, but slight trends in increasing potentials and decreasing internal resistant can be observed. In Figure 5 , slight differences in the function R int = f (E) can be observed for both groups, i.e., in the current flow state and open circuit state (2 h after cutting off the current flow). Lower span of the potential and the internal resistance for new 12 V units can be noticed. Another technique used to check the battery's state-of-health was potentiostatic electrochemical impedance spectroscopy (PEIS), applied to 12 V monoblocks under OCP conditions (after batteries potential stabilization-2 h after finishing current flow test).
Two groups consisting of three 12 V units each containing new (one group) and used (another group) batteries were investigated by EIS method after 33, 66, and 99 days of current flow tests. Another technique used to check the battery's state-of-health was potentiostatic electrochemical impedance spectroscopy (PEIS), applied to 12 V monoblocks under OCP conditions (after batteries potential stabilization-2 h after finishing current flow test).
Two groups consisting of three 12 V units each containing new (one group) and used (another group) batteries were investigated by EIS method after 33, 66, and 99 days of current flow tests. A more quantitative description of the experimental data requires the choice of the proper EEC (electrochemical equivalent circuit). The set of impedance data submitted for a fitting procedure was reduced to frequency range from 1 kHz to 1 Hz to maintain the linearity of the system's response [25] . The best-suited EEC for reduced impedance data is shown in Figure 7 . This is a part of the circuit which was used in many works concerning EIS investigations of lead-acid batteries [19, 25, 26] . The galvanic cell from lead-acid batteries can be fitted well with the model, having following electrical properties:  inductance L0 attributed to electrode geometry and connections inside the cell,  resistance RHF due to the connections, the separator, the electrolyte resistivity and the surface coverage of the electrodes by crystalline lead sulphate,  resistance R1 depending on the porosity of the electrodes,  CPE1 responsible for heterogeneous phenomena.
The constant phase element was used because the surface of the electrode is never ideally flat, and in the electrochemical measurements, this element replaces the ideal capacitor [25] . The impedance of the CPE is described by the equation:
where Q is a pre-exponential factor, which is a frequency-independent parameter; n is the exponent, which defines the character of frequency dependence (−1 ≤ n ≤ 1); 1 j   is the imaginary unit;
and  = 2 πf[rad·s −1 ] is angular frequency. With n = 1, Q is an ideal capacitance, and has the unit of capacitance (F); in another case when n  1, Q has the unit of S·s n . The impedance spectra shown in Figure 6a ,b demonstrate a difference between old and new batteries. It is seen that the Nyquist plot obtained after 99 days of float charge tests for the used battery is shifted to the right in comparison with the same plot obtained for the new battery.
A more quantitative description of the experimental data requires the choice of the proper EEC (electrochemical equivalent circuit). The set of impedance data submitted for a fitting procedure was reduced to frequency range from 1 kHz to 1 Hz to maintain the linearity of the system's response [25] . The best-suited EEC for reduced impedance data is shown in Figure 7 . This is a part of the circuit which was used in many works concerning EIS investigations of lead-acid batteries [19, 25, 26] . The galvanic cell from lead-acid batteries can be fitted well with the model, having following electrical properties:
• inductance L 0 attributed to electrode geometry and connections inside the cell, • resistance R HF due to the connections, the separator, the electrolyte resistivity and the surface coverage of the electrodes by crystalline lead sulphate, • resistance R 1 depending on the porosity of the electrodes, • CPE 1 responsible for heterogeneous phenomena.
where Q is a pre-exponential factor, which is a frequency-independent parameter; n is the exponent, which defines the character of frequency dependence (−1 ≤ n ≤ 1); j = √ −1 is the imaginary unit; and = 2 πf [rad·s −1 ] is angular frequency. With n = 1, Q is an ideal capacitance, and has the unit of capacitance (F); in another case when n = 1, Q has the unit of S·s n . The results of the experimental data fitting with chosen EEC (Figure 7 ) are given in Table 3 . To show that all data are well described with accepted EEC, Nyquist and Bode plots for the experimental and simulated data are shown in Figure 8 . The experimental data gathered in Table 3 demonstrate that the resistance RHF increases after 99 days by almost one order in magnitude (from circa 3 mOhms to 20 mOhms) for used batteries. This resistance change may indicate the beginning of the PCL effect in the battery. This result seems to be reliable, since simulations of EIS spectra with accepted EEC agree well with the experimental results ( Figure 8 ).
The idea of the application of electrochemical impedance spectroscopy for determination of SoH and SoC is not a new one. In the case of industrial batteries, it was discussed, e.g., by Huet [18] and Karden et. al. [20, 22] . However, the main problem lies in the interpretation of obtained impedance spectra. The choice of an equivalent circuit is not always universal. In our case, an increase in the resistance for the used batteries was detected, which is a very encouraging result for this non-destructive test. Unfortunately, it seems to be the only reliable information extracted from impedance spectra which can help to detect PCL effect. We found that for the low frequency range, it is difficult to find the proper EEC. More work is needed to work out a general approach to solve this problem. Table 3 . Obtained results for impedance spectra according to the fit of EEC shown in Figure 7 . The results of the experimental data fitting with chosen EEC (Figure 7 ) are given in Table 3 . To show that all data are well described with accepted EEC, Nyquist and Bode plots for the experimental and simulated data are shown in Figure 8 . The experimental data gathered in Table 3 demonstrate that the resistance R HF increases after 99 days by almost one order in magnitude (from circa 3 mOhms to 20 mOhms) for used batteries. This resistance change may indicate the beginning of the PCL effect in the battery. This result seems to be reliable, since simulations of EIS spectra with accepted EEC agree well with the experimental results ( Figure 8 ).
No. of Battery-Days L0 (H) RHF (Ω) R1 (Ω) Q
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Materials and Methods
Analysis of many correlations between physicochemical features, exploitation conditions, and electrical properties and their influence on the capacity indicated several problems:
• Acquiring already used battery with a known history, in order to increase the probability of detection of the PCL effect, •
The mildness of the initial physicochemical changes accompanying the PCL effect,
•
The choice of tests and the testing conditions,
The appropriate classification of these changes and their assignment to the area of the PCL effect (or other).
To reduce these problems, the experimental material consisted of two groups of 12 V batteries (hereafter called "monoblocks", in order to distinguish them from the 48 V system) AGM-VRLA with capacity of 100 Ah (C10). The 6-cell monoblocks of the first group had operated in emergency power supply systems in a telecommunication station for over 4 years. Those systems consisted of two batteries, and each battery included four monoblocks with 6 cells in every monoblock (each monoblock had 12 V nominal potential). The system is very popular in mobile telephony base stations. The 6-cell monoblocks of the second group were brand new, and were made by the same manufacturer. The brand new pieces were used as referential ones. Construction of the cells from both groups of 12 V monoblocks (e.g.,: both-type AGM-VRLA- Figures 9 and 10 , number of positive and negative plates, and grid construction almost identical- Figure 11 ) indicated that almost all differences in electrical and electrochemical properties should be associated with the usage history. 
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To reduce these problems, the experimental material consisted of two groups of 12 V batteries (hereafter called "monoblocks", in order to distinguish them from the 48 V system) AGM-VRLA with capacity of 100 Ah (C 10 ). The 6-cell monoblocks of the first group had operated in emergency power supply systems in a telecommunication station for over 4 years. Those systems consisted of two batteries, and each battery included four monoblocks with 6 cells in every monoblock (each monoblock had 12 V nominal potential). The system is very popular in mobile telephony base stations. The 6-cell monoblocks of the second group were brand new, and were made by the same manufacturer. The brand new pieces were used as referential ones. Construction of the cells from both groups of 12 V monoblocks (e.g., both-type AGM-VRLA- Figures 9 and 10 , number of positive and negative plates, and grid construction almost identical- Figure 11 ) indicated that almost all differences in electrical and electrochemical properties should be associated with the usage history. Some information about the 48 V battery's use from data storage of the supervision automatic system (a driver-cylinder device of MCSU-SU2300-600 type) was obtained (Figure 12a,b) .
The average voltage of the pack during exploitation was about 53.7 V, and the average temperature was circa 300 K (a room without air-condition). The span of battery temperature was between 286 K and 312 K. The number of alerts (current interruptions in energy network) during use was <20, and the total time of outages was circa 8 h. All recovered monoblocks were operational (no worrying signs such as high potential fluctuation or temperature increasing, either in remote systems or by supervision service, were observed). Some information about the 48 V battery's use from data storage of the supervision automatic system (a driver-cylinder device of MCSU-SU2300-600 type) was obtained (Figure 12a,b) .
The average voltage of the pack during exploitation was about 53.7 V, and the average temperature was circa 300 K (a room without air-condition). The span of battery temperature was between 286 K and 312 K. The number of alerts (current interruptions in energy network) during use was <20, and the total time of outages was circa 8 h. All recovered monoblocks were operational (no worrying signs such as high potential fluctuation or temperature increasing, either in remote systems or by supervision service, were observed). The research consisted of float charge tests of systems containing 48 V batteries of 100 Ah (the batteries after operation in emergency power supply systems, and the new ones). A flow current test was performed at 54.0 V (13.5 V/monoblock) in cycles of 33, 66 and 99 days, using laboratory power supply RXN (voltage range 0-60 V, current range 0-5 A). Measurements of internal resistance and voltage of both the battery and each single monoblock were performed once a day, during float charge, using Hioki device model 3554. After 33, 66, and 99 days of float charge, the circuit was unplugged. The batteries were left for 2 h at open current circuit and the electrochemical impedance spectroscopy (EIS) measurement of single 12 V monoblock was performed using a BioLogic CLB 2000 galvanostat-potentiostat with 20 A current booster. EIS experiments were run with AC amplitude of 40 mV over the frequency range of 10 3 ÷ 5 × 10 −3 Hz (10 points per decade). Impedance data were analyzed using ZView2 software (Scribner Associates Inc., Southern Pines, NC, USA).
Finally, the 48 V battery was discharged using Digatron BNT 50-100-3 (voltage range 5-100 V, current range 0.05-50 A) by I 10 current until the voltage of 43.2 V was reached. The aim of the measurement was to assess changes in the capacity of a 48 V battery and/or single 12 V monoblocks, and to link these changes with the aforementioned measurements. Next, the 48 V battery was plugged again into laboratory power supply and a subsequent cycle of float charge started.
Conclusions
Two different approaches were implemented to determine the premature capacity loss effect in batteries operating in backup power sources of telecommunication antenna stations. The first approach consisted of taking measurements of voltage and resistance change of 12 V old and new monoblocks as a function of time. Slight changes in voltage and resistance were recorded; however, no visible trend was found which could indicate the beginning of a PCL effect. In turn, electrochemical impedance spectroscopy enabled us to detect resistance changes which could be attributed to the beginning of the PCL effect. This method is promising, but its success depends on the choice of equivalent circuit, which is not universal. It seems that the choice of the frequency range during experiments is crucial to obtaining reliable results. One additional advantage of EIS technique is its non-disruptive application i.e., the backup power system does not need to be switched off before the test, as it is in the case of direct capacity measurement tests. 
